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ABSTRACT

Thin films of aluminum hafnium nitride (Al; _,Hf,N) were synthesized via reactive magnetron sputtering for Hf contents up to x=0.13.
X-ray diffraction showed a single c-axis oriented wurtzite phase for all films. Hard x-ray photoelectron spectroscopy demonstrated homoge-
neous AL:Hf distribution through the thin films and confirmed their insulating character. A collection of complementary tests showed unam-
biguous polarization inversion, and thus ferroelectricity in multiple samples. Current density vs electric field hysteresis measurements
showed distinct ferroelectric switching current peaks, the piezoelectric coefficient ds; feqs measured using a double beam laser interferometer
(DBLI) showed a reversal in sign with similar magnitude, and anisotropic wet etching confirmed field-induced polarization inversion. This
demonstrates the possibility of using tetravalent-and not just trivalent-alloying elements to enable ferroelectricity in AIN-based thin films,
highlighting the compositional flexibility of ferroelectricity in wurtzites and greatly expanding the chemistries that can be considered for
future devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0271563
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Ternary wurtzite-type aluminum nitride-based thin films
(Al;_M,N) have gained recent attention directed at applications uti-
lizing their ferroelectric (FE) behavior. These applications include,
among others, high-operating temperature, nonvolatile, random-
access memory (HOT-NVM)," and ferroelectric high electron mobility
transistors (Fe-HEMTs).”” To date, the following Al; . M,N ferroelec-
tric thin films have been reported: Al; Sc.N,* Al B,N,” Al, ,Y,N,°
and Al,_,Gd,N.” Note that the M-element in all cases is nominally tri-
valent, a logical approach to replace the A" cation.

The conventional expectation is that percent-level additions of a
non-trivalent M-element could introduce sufficiently high free carrier

concentrations to lead to metallic conduction. In this work, we demon-
strate that sputtered thin films of Al HfN are electrical insulators
and can be ferroelectric up to at least x=0.13. To date, this is the first
Al,_M,N thin film showing ferroelectricity with heterovalent
M-element alloying. Importantly, this work shows that researchers
working on HOT-NVM and FE-HEMTs are not limited to trivalent
cation replacements, thus increasing compositional options for AIN-
based ferroelectric films and driving deeper studies of charge balancing
defect compensation in III-N alloys.

A charge-balancing approach has also dominated the more
extensive alloying efforts across the piezoelectric thin film community,
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including both direct substitution of A" by other trivalent species
and stoichiometric combinations of multiple alloying species.” Such
multivalent alloy studies started with computational work from
Iwazaki’ and Tholander,'” and Akiyama and coworkers have consis-
tently led the community’s experimental efforts, including key studies
on Al,_(MgNb),N,"" Al,_ Mg, ,Ti,,N,”” Al,_(MgTa),N,"” and
Al Mg, ,Hf,,,N."" It is worth noting that Uehara’s Al, _(MgNb).N
study reported the greatest piezoelectric response in films with Mg/Nb
ratios that would not correspond to an effective average valence of 3+
for pure Mg”* and Nb”", but they did see evidence for multivalency in
the Nb species.’

Studies on intentionally heterovalent alloys such as Al; _,Mg,N,"”
Al;_,SiN,'* and even AI(O,N)'"'" suggest some degree of control
over growth polarity. However, the focus of these reports has primarily
been on piezoelectric properties, with only the report by Islam et al
discussing polarization reversal and leakage current.'” Reports of
Al;_,Sc,N remaining electrically insulating'” and even ferroelectric
with an approximate oxygen content of 4at.%'®'’ suggest value in
exploring other donor dopants. DFT calculations of the piezoelectric
response also motivate the study of Al,_ HEN"" and heterovalent
AIN-based alloys more broadly.

Thin films of Al; _ Hf,N were synthesized using reactive magne-
tron sputtering techniques similar to previous studies."*"”” Primary
samples were deposited on (001) 4H-SiC substrates with sputtered
continuous molybdenum bottom and top electrodes (Mo/Al; _ Hf,N/
Mo/SiC); this stack was chosen because of its relevance to high-
temperature electronics. The top electrodes were all circular and varied
in diameter from 50 to 125 um. Top electrode patterning was done
with wet etching and a photolithographic liftoff process. Three sputter
targets were used: Mo (99.95 % Kurt J Lesker Co.), Al (99.999 %, Kurt
J Lesker Co.), and Hf (99.9 % Stanford Advanced Materials). Targets
were 10.16cm in diameter. The Hf target purity was 99.5 % when
including Zr as a contaminant (ie., Zr <0.5 %). Two samples of
Al;_ Hf,N were grown by varying the Hf target RF power while main-
taining a constant Al target pulsed DC power to control the Al/Hf cat-
ion ratio (see Table I). One sample of AIN was grown in the same
series to compare these films with previous work. The nitride layer of
all three thin film stacks was sputtered with the following conditions: 2
mTorr of Ar/N, (40/40 sccm flow), a substrate heater set point of
400°C, and a deposition time of 100 min. The Hf content listed in
Table I was measured using Rutherford backscattering spectrometry
(RBS) made by National Electrostatics Corp. Elements other than Hf,
Al, Mo, Zr, and Si were all below the detection threshold of the RBS
instrument. Complementary samples for beamline measurements
were deposited on AlN-seeded sputtered continuous molybdenum
bottom electrodes on Si wafers. Additional preparation and synthesis
details are provided in the supplementary material.

TABLE 1. Deposition conditions and film properties.

Hf power Total Dep.  Hf cation content Film
density (W/cm?) rate (nm/min) (cat. %) thickness (nm)
0.0 1.8 0 180
11.8 2.0 6 200
17.7 2.2 13 220

pubs.aip.org/aip/apl

Figures 1(a) and 1(b) show 0-20 scans and w-rocking curves,
respectively (using a Panalytical X’Pert3 MRD XL diffractometer), on
c-axis textured single-phase wurtzite films. No diffraction peaks origi-
nating from anomalously oriented grains (AOGs) were observed.
Figure 1(b) shows a full width half max (FWHM) range of 1.2°-1.4°,
which is similar to—or better than—previously reported FWHM val-
ues for sputtered ferroelectric nitrides.”” >* Additional diffraction data,
including lattice parameters, are shown in the supplementary material.

Figure 2 shows the valence band electronic structure determined
by hard x-ray photoelectron spectroscopy (HAXPES)**® of
Al HfN films with varying stoichiometry (nominally x=0.05 and
0.09). Figure 2(a) shows core-level spectra of N 1s, Hf 4ps,, and Al 2s
acquired at 6 keV (bulk-sensitive to a depth of ~ 18 nm) and 2.8 keV
(surface-sensitive to a depth of ~9nm). The strong agreement
between the theoretical and measured 2.8 keV spectra for Hf 4p;/, and
Al 2s suggests a homogeneous distribution of Hf and Al throughout
the Al;_,Hf,N layer. The measured N 1s intensity at 2.8keV is lower
than predicted, indicating a nitrogen deficiency at the surface, likely
due to oxidation in uncapped samples. Figure 2(b) displays valence
band (VB) spectra of Al Hf, N films with different Hf contents,
measured using 6keV photons. Increasing Hf content results in a
noticeable shift of the valence band maximum toward the Fermi level,
reducing the valence band offset (VBO) relative to AIN from 3.7 eV to
2.7 eV for Alyo;Hfy ooN, as schematically depicted in Fig. 2(c). A non-
metallic character is indicated for all three Al, HfN samples.
Additional details on HAXPES experiments and data analysis are given
in the supplementary material.

Figure 3 shows the results of electrical measurements. For
all measurements in this Letter, a positive E-field direction is defined
as pointing from the bottom electrode to the top electrode, normal
to the substrate. Figures 3(a) and 3(b) show unambiguous ferroelectric
switching current peaks. Data in Figs. 3(a) and 3(b) were collected
by applying a triangular wave to the samples at 10kHz, using a
tester from Radiant Technologies, Inc. From these data, a value
of coercive electric field (E.) was extracted at =5.5 and =4.7 MV/cm
for x=0.06 and 0.13, respectively, based on the switching current
peak. These data showed comparable magnitude and the same trend
of both E. and crystallographic u-parameter vs x as other ferroelec-
tric nitrides: increasing M-element atomic fraction results in decreased
u and E.*”” ! Large and variable leakage current values under high
field pulses hindered attempts to quantitatively separate switching
and leakage current contributions via Positive Up Negative Down
(PUND) and related measurements. See the supplementary material
for further details.

Figure 3(c) shows that at low applied E-field, the x = 0.06 and
0.13 samples were more insulating than typical ferroelectric Aly;ScysN
films." Data in Fig. 3(c) were taken using a Keithley 4200A-SCS.
Polarization vs applied E-field (P-E) loops are shown in 3(d) at 50 kHz
(see the supplementary material for 10 kHz loops). The top electrode
diameter used was 50 um for all measurements shown in Fig. 3 and
was connected to the signal ground for all tests. Figure S3(c) shows
that the relative permittivity (e,) is comparable to other Al;_, M,N
wurtzites.””

To support the claim that the current density peaks in Figs. 3(a)
and 3(b) were due to ferroelectricity, further measurements were car-
ried out using small signal ds; testing. The first part of this measure-
ment employed multiple voltage pulses applied to the Mo top
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FIG. 1. X-ray diffraction: (a) 0-2 0 scans show peaks from the substrate, electrode, and (002), Wz exclusively, indicating that the films were single-phase wurtzite. (b) The
w-rocking curves measured around the (002), Wz peaks show that the films were well textured. Hf cation atomic percentages were measured with RBS.
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FIG. 2. HAXPES measurement of Al;_,HfN films. (a) Core-level spectra of Alyg1Hfo 00N measured at 6 and 2.8 keV, indicating a homogeneous Al:Hf distribution. (b) and (c)
Valence band spectra measured at 6 keV, comparing AIN, Alg gsHfo 05N, and Algg1Hfg 0gN. A reduced valence band offset (VBO) is observed with increasing Hf incorporation;

however, a non-metallic character is maintained for all Hf concentrations.

electrodes on the x = 0.06 and 0.13 films to ensure that the film region
beneath the electrodes was fully switched into the N-polar state. Then,
a small signal sinusoidal E-field was applied to the films with a fre-
quency of 200 Hz and an amplitude of 0.5 MV/cm (Eg,). The DBLI
was then used to obtain the as-measured value of the piezoelectric
coefficient: ds3 fymeqs- The magnitude of ds3 fyneqs is shown in Fig. 4(e).
Figure 4(e) also shows ds3 . values calculated using density functional
theory (DFT). The ds3 feqs Values increase up to 12 pm/V at x=0.13,
and the qualitative trend for calculation and measurement matched.
Note that the absolute value is not quantitatively comparable between
DFT and experimental results since DFT calculations are performed
assuming single crystals, and ds3 e is affected by clamping. ™

After the switching pulse and subsequent measurement of
d33 fmeas @ bias electric field was applied to the films as a staircase func-
tion superimposed with Eg (see the supplementary material for an

illustration of the function). Figures 4(c) and 4(d) show the result of
this measurement for films with x=0.13 and 0.06, respectively. The
respective films switched from N-polar to M-polar upon exceeding
the bias field needed to switch, as illustrated by labels indicating film
polarity in Fig. 4(d). The magnitude of each measurement step was
0.1 MV/cm. The dwell time after each step in voltage was 5, allowing
for 1000 averages of Eg to occur. This averaging was necessary for
extracting the angstrom-level field-induced displacement. A total of
160 points were collected, and therefore the loop period of the mea-
surements in Figs. 4(c) and 4(d) was 800s.

The reduced E. observed in Figs. 4(c) and 4(d) relative to
Fig. 3(b) is attributed to the increased applied E-field period of the
measurement:”* 100 us for Fig. 3(b) vs 800s for Figs. 4(c) and 4(d). As
the applied bias E-field was cycled, an unambiguous change occurred
in the sign of ds3 fnmeas and P33 £ reqs shifted from 0° to 180°, indicating

Appl. Phys. Lett. 127, 062902 (2025); doi: 10.1063/5.0271563
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FIG. 3. Electrical measurements showed FE switching for films with x=0.06 and
x=0.13. (a) and (b) Hysteresis measurements of current density vs applied E-field
showed FE switching for films with x=0.06 and x = 0.13, respectively. (c) These
x=0.06 and x=0.13 films were insulators and had current densities at low
E-fields that were lower than those of comparable Alg7ScysN samples.1 (d)
Polarization vs applied E-field loops at 50 kHz.

polarization inversion occurred. The applied E-field loops shown in
Figs. 4(c) and 4(d) corroborate the ferroelectric behavior of these
Al HfN films. The decrease in ds3 fyeas when |E| > 3 MV/cm and
$33.f meas deviating from 0° and 180° seen in Fig. 4(c) is hypothesized
to be due to an increased real component magnitude of the impedance
of the sample.

(@
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Anisotropic acid etching further confirmed that field-induced
polarization reversal occurred. H;PO, was applied to a film where a
region had been pulsed metal polar [see Fig. 4(a)]. The step edge of the
remnant M-polar region can be seen in Fig. 4(b) while the surrounding
as-grown N-polar region was dissolved, since H;PO, dissolves N-polar
surfaces faster than M-polar surfaces."””

Using DFT, we calculated d;; as a function of Hf context
for Al,_ HEfN alloys (see the supplementary material for details).
Figure 4(e) shows that the predicted value for pure AIN (5.22 pm/V) is
consistent with the previous DFT-based prediction (~ 4-5pm/V).””’
Overall, Hf substitution with charge compensation by Al vacancies
increases ds;, and the trend of ds; vs x qualitatively agrees with the
experimental trend, noting again the differences in single-crystal calcu-
lations vs clamped thin film measurements.

To clarify the charge compensation mechanism for the typically
tetravalent dopant Hf, we calculated defect and carrier concentrations at
constant Hf concentration of 10%' /cm® (= 2.1 at. %) as shown in Fig. 5
(see the supplementary material for details). Under N-rich growth con-
ditions, V| exhibits a low formation energy as described in Fig. S10(a).
Consequently, the resultant high concentration of V| almost compen-
sates the positive charge of Hf, [see Fig. 5(a)]. On the other hand, the
high formation energy of V)| under Al-rich growth conditions
[Fig. S10(b)] leads to a lower concentration of V], thus resulting in a
higher electronic carrier concentration when compared with the N-rich
conditions [Fig. 5(b)]. The actual experimental conditions are considered
to lie between these N-rich and Al-rich extremes. Therefore, our calcula-
tions suggest that the charges carried by Hf,; were partially (mostly)
compensated by V], leading to a relatively low electronic carrier concen-
tration and overall insulating character of the Al Hf,N films.

In summary, this work showed that Al; ,HfN sputtered thin
films remain insulating and can be ferroelectric. This was shown via
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FIG. 4. Polarity inversion confirmed using acid etching and piezoelectric measurements. (a) Film pulsed M-polar. (b) SEM image of the M-polar step edge after etching in 80 °C
H3PO,. (c) DBLI piezoelectric measurement for x = 0.13 film. ¢33 1 ., deviating from 0° and 180° is hypothesized to be due to leakage current. (d) DBLI measurement for
x=0.06 with markers showing the change in polarity of the film around the “staircase” loop. See the supplementary material for more details. (e) Magnitude of the DBLI-
measured (|dz ¢meas|) and DFT-calculated (|das carc|) piezoelectric coefficient for zero E-field. Connecting lines between points are a visual aid. (c) and (d), and (€) |da3 fmeas|
data were not compensated for substrate clamping effects of the 4H-SiC substrate. The loop period of (c) and (d) was 800's, leading to a much lower E. than shown in Figs.

3(a) and 3(b).**
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switching current peaks, small signal dsfneas DBLI measurements,
and anisotropic etching to confirm polarization inversion. DFT calcu-
lations and HAXPES experiments both reinforced the electrical mea-
surement findings that the material system is electrically insulating.
While this work did not focus on HOT-NVM or FeHEMTs specifi-
cally, this work does enable researchers to think beyond trivalent sub-
stitutions when designing devices, opening up more possibilities for
better device performance. Future work is planned to identify and
quantify specific charge compensation mechanisms and electronic
structure for Al; _ Hf,N with higher fidelity.

See the supplementary material for further measurements and
additional method details for all measurements and computations. It
also contains spectroscopic ellipsometry and reciprocal space map
data.
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